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? 3.15:cos   (2:9  SP  3:1)??
?
? 3? ???? 18
3.2.4 ?????????
?????????????????????????????
?, ?Vision Research ????Phantom???PhantomM310???? (? 3.16,
? 3.17). ?Phantom?????? 512? 512???????? 1000???
??????, 512? 256??????? 1901???????????
???. ?PhantomM310??? 1280? 800??????? 3260?????
???????????. ?????????????? 1901???
?????.
? 3.16:Phantom
? 3.17:PhantomM310
? 3? ???? 19
3.2.5 ????????????????
?????????????????????????????
??, ????????????????????????????
???, ?????????????????? (??????,???
963A002)?????. ???????, ??????????????
???????????? (? 3.19)????, ???????????
???????, ??????????????, ?????? 2cm?
???????????????.
? 3.18:???? ? 3.19:???
??, ????????????????? (? 3.20)????, ??
?????????????????????????. ??, ???
????????, ?????????????????????, ?
?????????????????????????????.
???, ???????????????????. ???????
?, ?????? u0???????CD??????????????
?, ?????????????????.
? 3.21????????????????, ??????????
??????????????????????. ????????
???????, ???????????????????????
???????????????. ????? 3.22????.
? 3? ???? 20
? 3.20:???????????
? 3.21:?????????? ? 3.22:?????????
? 3? ???? 21
3.2.6 ???
????????????????? 3.1???. ???? 0:7610 5
???????Nittaku???????? (Nittaku PREMIUM 3 ???)
???? (? 3.23). ????? 3:98 10 2[m], ??? 2:74 10 3[kg]???
????????, ?????????. ???????????, ?
???????????????????. ???????????
?, ?????????????????????????????
???.
? 3.23:Nittaku???
?:3.1:?????????.
Nittaku???
?? [m] 3:98 10 2
???? [m] ? 0:76 10 5
?? [kg] 2:74 10 3
??? ? 0:64 10 3
? 3? ???? 22
3.2.7 ???
???????????????, SY-18???? (? 3.24)????
?. ????? 274cm, ? 152.5cm, ?? 76cm???.
? 3.24:???, ?????? SY-18
3.2.8 ???
???
?????????????, ????????????, ????
????.
? 3.25:??????????
? 3? ???? 23
??
?????????????, ????????????????.
????, ARRI?????????? 200W (? 3.26)????, ????
???.
? 3.26:ARRI?? 200W??
24
?4?
????
4.1 ????????????????????
4.1.1 ????CD?????
?????????????????????????, ????
?????????????????, ??????????????
??????????. ????? 4.1????, ?????????
???????????????, ?????? 0.5????????
???? (??? 51????, 52?????????????? 51.5?
??????). ?????, ??????? x?? (????????
??????)?, ?????? t?????????? 4??????
1??? 5??????. ??, ??????? y?? (???????
??????), z?? (???????)????????????. ?
???????, ???? x????? u0?????CD, z?????
w0?????CLZ ????????????.
????????
???????, ????????????????CD?, ????
????????????????????????. ??CD??, ?
???? 2????????.
???????????????? Li(i = 1; 2; 3; 4), ???????
B??, ?????????????????? t(i)(i = 1; 2; 3; 4; 5)??
?, ??????????????????. L1?????????
?? 0????, ????????????????????????
? 4? ???? 25
~3.0cm
1.5~2.0cm
ball (t0) ball (t0+∆t)
slit light
? 4.1:????????????????
? tt(i)(i = 1; 2; 3; 4)?,
tt(1) = t(1)  t(1) = 0 (4.1)
tt(2) = t(2)  t(1) (4.2)
tt(3) = t(3)  t(1) (4.3)
tt(4) = t(4)  t(1) (4.4)
tt(4) = t(5)  t(1) (4.5)
?????. ??????? 0.685m?????, ?????????
v(1:5), v(2:5), v(3:5), v(4:5)?,
v(1:5) =
0:685
tt(2)  tt(1) (4.6)
v(2:5) =
0:685
tt(3)  tt(2) (4.7)
v(3:5) =
0:685
tt(4)  tt(3) (4.8)
v(4:5) =
0:685
tt(5)  tt(4) (4.9)
???. ??????? v(t)?? 3?????? a(2), a(3), a(4)????
??????. ??? L1, L2, L3, L4, B??????????? 4? 3?
? 4? ???? 26
?????????,
a(2) =
v(2:5)  v(1:5)
tt(3) tt(1)
2
(4.10)
a(3) =
v(3:5)  v(2:5)
tt(4) tt(2)
2
(4.11)
a(4) =
v(4:5)  v(3:5)
tt(5) tt(3)
2
(4.12)
??????????, ?????????
ma(i) =  1
2
CD(i)r
2v(i)2 (i = 1; 2; 3) (4.13)
?? 3??????CD(2), CD(3), CD(4)??????????. ???,
m??????? [kg], r??????? [m], T??? [?], ????? [kg/m3]
???. ?? T ???????????.
???? ?,
 = 1:293

273
273 + T

(4.14)
???.
?????????CD(2), CD(3)?,
CD(2) =
 8ma(2)
r2(v(1:5) + v(2:5))2
(4.15)
CD(3) =
 8ma(3)
r2(v(2:5) + v(3:5))2
(4.16)
CD(4) =
 8ma(4)
r2(v(3:5) + v(4:5))2
(4.17)
?????????,
CD =
CD(2) + CD(3) + CD(4)
3
(4.18)
???, ????????????.
? 4? ???? 27
?? 2???????
???????????????????????? x?, ???
??????????????? y?, ?????? z????. ??
?, u:x?????, u0:L1???? u??, w:z???????,
s =
Z x
0
s
1 + (
dz
dx
)2dx (4.19)
D =
CDr
2
m
(4.20)
???. ???, s????????????, D??????????
????.
???? y???????????????, ?????????
???????.
du
dt
=  1
2
Du
p
u2 + w2 (4.21)
ds
dt
=
p
u2 + w2 (4.22)
????,
du
ds
=  1
2
Du (4.23)
u = u0 exp

 1
2
Ds

(4.24)
???. ??? s  x??????,
u =
dx
dt
(4.25)
???, ???? (4.24)?????,
x =
2
D
log

1 +
u0Dt
2

(4.26)
?????. ?? x???? x(ti)(i = 1; 2; 3; 4; 5)??, x(ti)??????
??????????????????? xi(i = 1; 2; 3; 4; 5)????
R(u0; D) =
X
(xi   x(ti))2? (i = 1; 2; 3; 4; 5) (4.27)
? 4? ???? 28
??????D, u0??? 2????????. ?????? (4.28)??
??????CD?????.
CD =
mD
r2
(4.28)
????, ??? (? (4.18)??????????, ?????????
??????????, ? (4.27)???? (4.28)??????? u0, CD
?, ??????????, ?????????.
4.1.2 CLZ?????????????
?????CL??? (?????????)
(C,D)
(A,B)
(A-C,B-D)
? 4.2:??????
???? CLZ ????????, ???? L1 ?????????
30  50??????? t??????????????. ?????
????? 4.2????????????????????????
?????, ???????????????????????. ?
??? x, ?????????????????????, ?????
??????? z????. x??????, ???????????
2??????????? x????
x =
2
D
log(1 +
u0Dt
2
) (4.29)
? 4? ???? 29
?????.
???, ????????,
L =
CLr
2
m
(4.30)
???.
???? z?????? z, ???w???, ???????????
???, ???????????.
dw
dt
=  g   1
2
Dw
p
u2 + w2 +
1
2
Lu
p
u2 + w2 (4.31)
dw
ds
=   gp
u2 + w2
  1
2
Dw +
1
2
Lu (4.32)
u, w?, ? (4.32)??
u = U exp( 1
2
Ds) (4.33)
w = W exp( 1
2
Ds) (4.34)
????,
dW
ds
=   g exp(Ds)p
U2 +W 2
  1
2
DW +
1
2
LU (4.35)
???.
??,
U = u0 W (4.36)
??????,
dW
ds
=  g exp(Ds)
u0
+
1
2
Lu0 (4.37)
???, ???Taylor?????????,
W = w0 + (
Lu0
2
  g
u0
)s  Dgs
2
2u0
(4.38)
w = [w0 + (
Lu0
2
  g
u0
)s  Dgs
2
2u0
] exp( 1
2
Ds) (4.39)
? 4? ???? 30
???. ???, w0? L1????w?????.
u0  W ?????????,
ds
dt
 u0 exp( 1
2
Ds) (4.40)
????,
dt =
exp(1
2
Ds)
u0
ds (4.41)
s =
2
D
log(1 +
u0Dt
2
) (4.42)
???, ? (4.42)? Taylor?????,
s  u0t  1
D
(
u0Dt
2
)2 +
2
3D
(
u0Dt
2
)3 (4.43)
??????.
??,
dz
ds
=
W
u0
(4.44)
??,
z = z0 +
1
u0
[w0s+
1
2
(
Lu0
2
  g
u0
)s2   Dgs
3
6u0
] (4.45)
???, ? (4.43)?? (4.45)??????,
z  z0 + w0t+ ( g
2
+
Lu20
4
  Du0w0
4
)t2 + (
D2u20w0
12
  DLu
3
0
8
+
5Dgu0
12
)t3
(4.46)
????.
???, ?? 2????? t? 3??????????, w0, L????
?. L?? (4.46)? t2???????. ?????????? L?, ??
??????????CLZ ?????.
CLZ =
mL
r2
(4.47)
? 4? ???? 31
???????CLZ ???????
? 4?????, CD, CLZ ?????????????????
dx
dt
= u (4.48)
dz
dt
= w (4.49)
du
dt
=  1
2
Du
p
u2 + w2   1
2
Lw
p
u2 + w2 (4.50)
dw
dt
=  g   1
2
Dw
p
u2 + w2 +
1
2
Lu
p
u2 + w2 (4.51)
??????????, ???????????????????.
????, ???? x????? u0?D, z????? w0? L????
???????. ???????, ???????? (u0; D?????
???????????? 2??????, ??w0; L????????
?????? 2???????????????)???????. ?
????, ??????????????? t??????????
????? xi(t); zi(t)???. ??????????????????
??????? t??????????? xi(t); zi(t)???. ???, ?
? 2?????? x? z???????
R(u0; D;w0; L) =
X
[(xi(t)  xi(t))2 + (zi(t)  zi(t))2](i = 1; 2; 3;?) (4.52)
?????? u0; D; w0; L???, ????CLZ ?????.
? 4? ???? 32
4.2 ????????????????????
4.2.1 ???????
???????????????, ??????????????
??? 11??????. ??????????, ??????????
????????. ??????, ?????????????? u, ?
????????w???????????.
4.2.2 ??????D?????
???? CD??????,?????:D[1=m]?????. ????
?D???????????, ????????????? 2???
??????, ????????????, ????????????
???, ????????????????. ???????????
????????????, ?????? x??????? s???
??.
du
dt
=  1
2
Du
p
u2 + w2; (4.53)
ds
dt
=
p
u2 + w2; (4.54)
dw
dt
=  g   1
2
Dw
p
u2 + w2 (4.55)
???????????????.
du
ds
=  1
2
Du: (4.56)
???????,
u = u0 exp

 1
2
Ds

(4.57)
???. ???????,
D =  2
s
ln(
u
u0
) (4.58)
? 4? ???? 33
???. ???????? u0, u, s??????????D???. ??
?, ??? 1???????????????????????? (?
?)????? u0, w0, ??? 2?????????????????
??????? (??)????? u, w???. ??, ????? g = 9:81
[m/s2]????. ??????????????????????, s
? x???????????. ?????????, ????????
???????, ???????????????????????
?????. ??, ???? s??????????????????.
???? s??????
??????????????? s??????? x??????,
?????????, ??????????, ???????. ???,
???????????????????????, s??????
??.
? x = u0t; (4.59)
? z = w0t  1
2
gt2 =
w0
u0
x  gx
2
2u20
; (4.60)
s =
Z x
0
vuut1 +  dz
dx
!2
dx
=
u20
2g
264 gx
u20
  w0
u0
!vuut1 +  gx
u20
  w0
u0
!2
+ log
0B@gx
u20
  w0
u0
+
vuut1 +  gx
u20
  w0
u0
!21CA
+
w0
u0
s
1 +

w0
u0
2
  log
0@ w0
u0
+
s
1 +

w0
u0
21A35 : (4.61)
??? w0
u0
= sinh0????
s =
u20
2g
264 gx
u20
  sinh0
!vuut1 +  gx
u20
  sinh0
!2
+ log
0B@gx
u20
  sinh0 +
vuut1 +  gx
u20
  sinh0
!21CA+ 1
2
sinh0 + 0
375 (4.62)
??????.
? 4? ???? 34
4.2.3 ?????CD?????
?????,?? u0, ?? u?????????D????????
??.
???????D?,
?CD? =
mD
r2
(4.63)
????, ????CD???.
???, m???????, ????, r??????????.
???, ???? ?
 = 1:293

273
273 + T

(4.64)
??????. ???, T ???????????????????
??.
4.3 ?????????SP?????
???????????????????, ? (4.65)???????
? SP ????.
SP = 2rf=V (4.65)
??? V ?,
V =
q
u20 + w
2
0 (4.66)
???. ??? u0?, ????????? CD???????????
??????, w0? CLZ ????????????????. ??, r:
?????? [m], f :????????? [rps]???.
4.4 ??????
????????????????????????????, ?
?????????????. ?????????????????
? 4? ???? 35
????.
??????????????????? y, z???, ??????
?????????. ?????????, ???????????
???. ???, ?????????????, ??????????
?????????????.
? 4.3:????????
36
?5?
???????
5.1 ?????????????????
????????? 8mm???????????????????
??. Re = 4:0 104?????? 1???? (1/1901sec)? 5mm????
??, ?????????????????1??????????
??????????. ???, ??????????????1?
??????????? CD????? (? 5.1). ?????????
CD???????? 6???????. ?????????????
???????????, ??????????????????1
?????????????.
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? 5? ??????? 37
5.2 ???????CD, CLZ???????
CD, CLZ ?????????????????????? ( SP =
0; Re = 1:8; 4:0 104)??????? 30????????, ??????
???????? (?5.2, 5.3). ??????, CD?????Re = 1:8104
?CD = 0:453, Re = 4:0 104?CD = 0:456????. ??????, CD??
?????????????????? 2?????. Re = 1:8 104?
Re = 4:0 104????CLZ?????????CLZ =  4:1 10 4; CLZ =
2:0  10 2????????????. ????????? 0:039; 0:019
????. ????????????? 0?????, ???????
???????.
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(SP = 0; Re = 1:8 104)
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CD,CLZ
Re≈4.0×104 SP≈0.0CD
Re≈4.0×104 SP≈0.0CLZ
? 5.3:CD, CLZ ? ? ? ? ? ? ?
(SP = 0; Re = 4:0 104)
??, ?????????????? CD????, ???????
??. ????? (Re = 1:8; 2:0  104, Re = 4:0  104)????????
???????, ?????????????Muto et al.[7]????
???????? (? 5.1, 5.2). Re = 1:8  104???????????
?Re = 2:0  104???????????? CD????? CD = 0:453,
CD = 0:449????. ??, Muto et al.?LES??Re = 1:0104?CD = 0:460
??????. ??????????? 20??????, ?????
LES? CD????????????. Re = 4:0  104?? CD = 0:456(?
? 5? ??????? 38
?), CD = 0:444(??)????. ???????????????, ??
????????????, ??????????????????
???.
?:5.1:????CD?????
Re? SP ????? CD???
(104) [????]
1:0
(LES[7]) 0.0
0.460
[0:016]
1:8
(??????) 0.0 26
0.453
[0:010]
2:0
(??????) 0.0 16
0.449
[0:033]
4:0
(??????) 0.0 28
0.456
[0:008]
4:0
(??????) 0.0 25
0.444
[0:021]
?:5.2:????CLZ ?????
Re? SP ????? CLZ ???
(104) [????]
1:0
(LES[7]) 0.0
5:0 10 3
[0:036]
1:8 0.0 26
 4:1 10 4
[0:039]
4:0 0.0 28
2:0 10 2
[0:019]
? 5? ??????? 39
5.2.1 ????????????????
?????????????, Re = 4:0  104, jSP j = 1:0??????
?, ?????????? 30?????????, CD; CLZ??????
?????????? (? 5.4, 5.5, ? 5.3). CD????????? 0:480,
0:495?, CLZ ????????? 0:306,  0:288????. ??, CD???
??????? 0:008, CLZ????? 0:014; 0:016????. ??????
????, ???????????CD?CLZ???????????
?, ?????????. ??????????????????, ?
??????????????????????????????.
 0
 10
 20
 0.3  0.4  0.5  0.6  0.7
N
um
be
r o
f D
at
a
CD
Top Spin
Back Spin
? 5.4:CD ? ? ? ? ? ? ?
(jSP j = 1:0; Re = 4:0 104)
 0
 10
 20
-0.4 -0.3 -0.2 -0.1  0  0.1  0.2  0.3  0.4
N
um
be
r o
f D
at
a
CLZ
Top Spin
Back Spin
? 5.5:CLZ ? ? ? ? ? ? ?
(jSP j = 1:0; Re = 4:0 104)
?:5.3:CD, CLZ ????? (Re = 4:0 104; SP = 1:0)
Re? SP ????? CD??? CLZ ???
(104) [????] [????]
4:0
(??????) 1.0 28
0.480
[0:008]
0.306
[0:014]
4:0
(??????) 1.0 28
0.495
[0:008]
-0.288
[0:016]
? 5? ??????? 40
5.2.2 ??????????CD, CLZ???
Re = 5:0 104?9:0 104???? SP ???? 30????????, ?
???????? (? 5.4, ? 5.6?5.23). ?????????, ???? 6.6
?6.8?????????. ??????, CD???????? 5???
??????, CLZ ?????????? (??Re = 9:0 104; SP = 0:5)
????????????.
?:5.4:???????CD, CLZ ?????
Re? SP ????? CD??? CLZ ???
(104) [????] [????]
0.4 26
0:504
[0:007]
0:200
[0:017]
5:0 0.6 26
0:440
[0:008]
0:092
[0:022]
0.8 26
0:405
[0:015]
0:166
[0:013]
0.3 24
0:501
[0:008]
0:149
[0:017]
7:0 0.5 25
0:476
[0:024]
0:165
[0:033]
0.7 30
0:350
[0:009]
0:168
[0:023]
0.3 28
0:498
[0:010]
0:107
[0:028]
9:0 0.5 29
0:397
[0:010]
0:025
[0:029]
0.7 25
0:380
[0:011]
0:174
[0:021]
? 5? ??????? 41
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?6?
????????
6.1 CD?CLZ?Re????
??, ??????????????CD, CLZ?Re????????
??. SP = 0:5, SP = 1:0 ?????????????? 6.1, 6.2??
?. SP = 0:5??? (? 6.1), CD, CLZ ???? 3:0  104  Re  5:0  104?
CD = 0:5; CLZ = 0:25????????, Re = 5:0 104????Re???
??????????, Re = 8:0  104??? CD = 0:4, CLZ = 0:1???
?. ??? [6]???????CLZ????CD???????????.
SP = 1:0??? (? 6.2), CD, CLZ ?? 2:0  104  Re  3:0  104????
?????, Re = 4:0  104?? CD????????, CLZ ?????.
Re = 7:0 104???CD = 0:43, CLZ = 0:35????.
? 6.1??Re = 5:0  104? CD, CLZ ?????. ???????, ??
?????????, ?????????????????????
???????, ??????????????????????. ?
?, ? 6.2????CLZ?????????????, ????????
????, ??????????????????????????
?????????????????? [7]. ???Taneda[3]?????
?????????????????????????, ?????
??????????????????????????????
????????.
??, ????  = 0?(???????), 30?, 45?, 90?(??????)
???? CD, CLZ ? Re??????????. SP = 0:34????
?????? 6.3???. ?????  = 0?; 30?; 45??? CD = 0:45,
 = 90??? CD = 0:5?????????. CLZ ?????  = 30?
? 6? ???????? 45
; 90??? Re?????????????, Re = 6:0  104?????
CLZ = 0:14; 0:18????.  = 45???Re = 5:0  104??CLZ = 0:2???
???, 5:0 104  Re  6:5 104?????. CLZ??????????
?????????, ?????????????????????
??????????????????.
-0.1
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 2  3  4  5  6  7  8  9  10
C
D
,C
L
Z
Re(/10
4
)
Back Spin SP≈0.5 CD
CLZ
? 6.1:CD?CLZ ?Re???? (SP = 0:5)
? 6? ???????? 46
-0.1
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 2  3  4  5  6  7  8  9  10
C
D
,C
L
Z
Re(/10
4
)
Back Spin SP≈1.0 CD
CLZ
? 6.2:CD?CLZ ?Re???? (SP = 1:0)
? 6.3:CD?CLZ ?Re???? (SP = 0:34)
? 6? ???????? 47
6.2 CD?CLZ?SP???
??????????????CD; CLZ?SP ????????. Re =
2:0; 3:0; 5:0; 7:0; 9:0  104???????????????? 6.4?6.8?
??.
Re = 2:0 104??? (? 6.4), 0  SP  0:6????CD; CLZ ?????
???,??? CD = 0:54, CLZ = 0:30???. CD? 0:6  SP  1:0???
??????. ??, CLZ? 0:6  SP  0:7????, 0:7  SP ?????
??. Re = 3:0  104??? (? 6.5), 0  SP  0:6???? CD; CLZ ???
?????,??? CD = 0:52, CLZ = 0:28???. ???, 0:6  SP  0:8
????????, 0:8  SP ???????. Re = 5:0  104??? (?
6.6), 0  SP  0:5????CD; CLZ ? SP ????????????,?
?? CD = 0:51, CLZ = 0:25???. 0:5  SP  0:7? SP ???????
?????, ???CD = 0:37, CLZ = 0:13???. SP = 0:7??????
?????. CD; CLZ ?????Re = 3:0  104??????????.
Re = 7:0  104??? (? 6.7)??, ??????????. 0  SP  0:4
???? CD; CLZ ? SP ?????????????. SP = 0:4???
? CD = 0:50, CLZ = 0:18???. 0:4  SP  0:6? SP ????????
????, ???CD = 0:33, CLZ = 0:10???. SP = 0:6???????
????. Re = 9:0 104(? 6.8)?????, ????????????
?, SP = 0:5?? CLZ ? 0????????. ??, CD???????
SP = 0:65?CLZ ??????? SP = 0:5?????????.
? Re?? SP ??????, CD; CLZ ?????! ??! ????
???????, Re??????????????????? SP ?
???????. Re = 5:0  104?? 0:5  SP  0:7, Re = 7:0  104??
0:4  SP  0:6, Re = 9:0 104????? 0:3  SP  0:5????, CD, CLZ
??????????????????????????????
??. ?????, ??????????????????????
??????, ?????????????????? [7]. ??, CLZ?
Re = 5:0104?? 0:7  SP , Re = 7:0104?? 0:6  SP , ??Re = 9:0104
? 6? ???????? 48
????? 0:5  SP ?????????????????????
????, ???????????????, ???????????
??????????. ??, ?????CD???????????
CLZ ??????????????????????.
? 6.4:CD?CLZ ? SP ??? (Re = 2:0 104)
? 6? ???????? 49
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6.3 CD?CLZ???? ???
SP = 0:34??????? ????????. Re = 3:0; 5:0104???
??????????? 6.9, 6.10???. Re = 3:0104??? (? 6.9), CD
?  = 60???CD = 0:45??????, 60?   90?????????,
CD = 0:48????. Re = 5:0104??? (? 6.10)??  = 45???CD = 0:45
??????, 45?   90?????????, CD = 0:48????. CLZ
????? 90????????????????, Re = 3:0 104???
?? 60?   90??CLZ = 0:25, Re = 5:0 104????? 45?   90??
CLZ = 0:2?????????.
? 6.9:CD?CLZ ? ??? (Re = 3:0 104)
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? 6.10:CD?CLZ ? ??? (Re = 5:0 104)
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6.4 ????????????
?????????? [6]??? 7:16? 10 2m??????????
???????. Re = 1:1? 105; Re = 1:6? 105????? SP ?????
??????????? 6.11, 6.12???????.
Re = 1:1? 105??? (? 6.11), 0  SP  0:4?????, CD = 0:5??
????, 0:4  SP ???????. CLZ ? 0  SP  0:3??????
?????, SP = 0:4????????????. SP = 0:45????
CLZ =  0:07???,????????. ??,?????SP ????CD
?????????. Re = 1:6? 105??? (? 6.12)?????????
??. 0  SP  0:2?????CD = 0:5??????, ??? SP ???
????CD?????. CLZ ? 0  SP  0:2?CLZ = 0???. SP = 0:2
?????????, SP = 0:25????CLZ =  0:2???. 0:3  SP ?
? SP ????CLZ ?????.
6.2?????????????? [6]?????????, ???CD,
CLZ ??????????????, Re = 9:0 104???????CLZ
?Re = 1:1 105?????????. ???, Re = 1:0 105?????
????????????????. ?????, Re?? 10????
?????????????????????, ?????????
????????????????Re??????, ???????
???????????.
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6.5 ??????????
??? [5]??? 4:4 104m??????????????????,
CD; CLZ? SP ????????. ?????? 6.13, 6.14???. 6.2??
????????????, CD, CLZ ??? SP ??????????
?!??! ????. ??, Re??????????CD; CLZ????
????, CD; CLZ ?????????? SP ????????. ???
??? 5:5 104  Re  9:0 104; 0:2 < SP  0:6???????????
??, Taneda??????????????.
? 6.13:CD? SP ??? (????) ? 6.14:CLZ ? SP ??? (????)
???, ????????????? CD, CLZ ????, ?????
???, ????????????. Re = 3:0; 5:0; 7:0; 9:0 104?????
??? 6.15?6.25???. ???, ????????????????
???????????????????????????????
??? (w0)????. SP = 0:2; 0:8????, ???????????
CD; CLZ ????????, ??????????, w0???????
?????????????. ?????????????????
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??? (5:0  104  Re  9:0 104; 0:2 < SP  0:6)??, ??????CLZ
????????, ???????????????. ???????
???CD; CLZ ????????????????????????
???,?????????????????????. ?????
??????????????????????????????
?????????.
? 6.15:????????? (Re = 3:0 104; SP = 0:3)
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? 6.16:????????? (Re = 3:0 104; SP = 0:9)
? 6.17:????????? (Re = 5:0 104; SP = 0:4)
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? 6.18:????????? (Re = 5:0 104; SP = 0:6)
? 6.19:????????? (Re = 5:0 104; SP = 0:8)
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? 6.20:????????? (Re = 7:0 104; SP = 0:2)
? 6.21:????????? (Re = 7:0 104; SP = 0:5)
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? 6.22:????????? (Re = 7:0 104; SP = 0:7)
? 6.23:????????? (Re = 9:0 104; SP = 0:2)
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? 6.24:????????? (Re = 9:0 104; SP = 0:4)
? 6.25:????????? (Re = 9:0 104; SP = 0:9)
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?:6.1:??????????CD; CLZ
Re? SP CD CLZ CD CLZ
(104) (??) (??) (??) (??)?
3:0 0.3 0:480 0:246 0:546 0:300?
0.9 0:443 0:295 0:452 0:343
0.4 0:488 0:210 0:562 0:400
5:0 0.6 0:440 0:127 0:446 0:051?
0.8 0:392 0:184 0:413 0:278
0.2 0:471 0:136 0:531 0:200
7:0 0.5 0:460 0:142 0:419  0:138
0.7 0:345 0:175 0:366 0:183
0.2 0:487 0:103 0:531 0:200
9:0 0.4 0:529 0:147 0:430  0:193
0.9 0:453 0:309 0:454 0:344
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6.6 ???????????????????
??
??????Taneda[3]????????????????????6.26
??????????. ??, ??? [6]??????? 1:1 105  Re(?
6.26??????)??Re???????????????????
?????. ??, ??????????Re   SP ?? (?????)?
Taneda?????????????????? 5:0 104  Re  8:0 104
???????????????. ?????Re  9:0  104????
??????, ????????????????????????
???.
? 6.26:????????????
Taneda[3]???????????????????????????
1?????????????????. Taneda?????????
????????, ??????????????????????
????????????????. ??????????????
??????? 0.3????????, ??????????????
?????????????????????.
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?????????????????????????????
??????????, ? 6.26??????????CD; CLZ? SP ??
????????????????. ??????????????
????????????????? u0 = 19:5m/s, SP = 0; 0:5; 0:7; 1:0
?????????????????? (? 6.27). ?????????
???, ????t = 8:78 10 3sec??????????????. ?
6.6? CD; CLZ ??????? SP = 0:5? SP = 0:7?????????,
????????????? SP = 0:7?????????????
???????. ???????????????????????
??, ???????????, ??????????. ??, ????
???????????, SP = 0:7???????????????
???. ???, SP = 0:7?CD?????????. ????????
???????????????????, ???????????
??????????????. ??????????? CD; CLZ ?
Re; SP ???????????????????????????
??.
? 6.27:?????????
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6.7 ????????
6.2?????Re = 2:0 104????SP ????????? [9]???
????????? (0  SP  0:5)????? (? 6.28). CD?????
SP = 0:5????????????????????????. CLZ
? SP = 0:1?????????, SP = 0:2?????????? 1=2?
?????????.
? 6.28:???????? (Re = 2:0 104???? SP ???)
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??
?????????????????, ???????????
???????. ?????????????? SP , ? Re???
(0  SP  1:5, 2:0  104  Re  1:1  105)???????? 0??90???
?????????????????????. ?????, Re?, SP ,
??????????????????, CD; CLZ?Re????, SP ?
??, ??? ????????. ??, ?????????????
???, ????????.
 CD, CLZ ?Re???? (SP = 0:5; 1:0, SP = 0:34;  = 0?; 30?; 45?; 90?)
SP = 0:5???, CD; CLZ ???Re?????????, ????.
SP = 1:0???, Re??????????, CD????, CLZ ??
???. SP = 0:34???,  = 0?; 30?; 45???CD = 0:45?,  = 90??
?CD = 0:50?????????. CLZ ?  = 30?; 90????, Re??
???????????,  = 45??????Re = 5:0 104???
????, 5:0 104  Re  6:5 104 ?????.
 ??????????CD, CLZ?SP??? (Re = 2:0; 3:0; 5:0; 7:0; 9:0
104)
2:0  104  Re  9:0  104 ? SP ??????????, ???
????????????????????????. ???,
Re = 9:0104??SP ???????CLZ???????, SP = 0:5
? CLZ  0??????????. ???????? Re???
(Re  1:0 105)??????????????????????
??, CLZ ? SP ???????????????????.
 CD, CLZ ? ??? (Re = 3:0; 5:0 104)
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Re = 3:0  104???, CD?  = 60??? CD = 0:45??????, 60
?   90?????????, CD = 0:48????. Re = 5:0  104?
??,  = 45???CD = 0:45??????, 45?   90??????
???, CD = 0:48????. CLZ????? 90??????????
??????, Re = 3:0 104????? 60?   90??CLZ = 0:25,
Re = 5:0  104????? 45?   90?? CLZ = 0:2??????
???.
 ?????????????
??????????????????? (Re = 1:1; 1:6 105?SP
???)?????. CD; CLZ ???!??!?????????
????, Re = 9:0 104???????CLZ ?Re = 1:1 105???
????. ??????, CLZ ?Re = 1:0  105?????????
?????????.
 ????????
??????????????????? (3:0104  Re  9:0104
? SP ???)?????. CD; CLZ??????????????
??, ?????????????? CD; CLZ ???????, ?
????????? Taneda???????????. ??, ??
???CD; CLZ????Re = 3:0; 5:0; 7:0; 9:0 104????????
????, ???????????. SP = 0:2; 0:8????, ???
?????????????, ???????????. CLZ ??
??????????, ???CD; CLZ????????, ????
??????????.
 ????????
Re = 2:0 104???? SP ?????????? (0  SP  0:5)?
????. CD????????, CLZ? SP > 0:2????????
? 1=2?????.
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